Cylindrus obtusus is an endemic land snail of the northeastern Alps. Early studies reported geographic differences in shell size and genital anatomy. Later, molecular genetic studies revealed that the species is differentiated into genetic lineages according to geographic region, named West, Central and East clades. In microsatellite analyses, these clades proved to be different with respect to heterozygosity and HardyWeinberg equilibrium. In populations from the eastern part of the distributional range all loci displayed an extreme excess of homozygotes, suggesting that selfing might be the predominant reproductive mode. In the present study, we analysed a comprehensive sample with respect to shell morphology as well as anatomical and histological traits. The analysed specimens were the same as those that had been studied genetically in a previous study. We tested whether the differentiation of the geographic groups is statistically significant. A morphometric analysis of the shells verified significant differences in shell height (SH) between two geographical groups (West/Central vs East). Moreover, we detected concordant significant geographic differences in the size and symmetry of the mucous glands. In the eastern populations, the glands were much smaller and asymmetrical in length and much more variable. In addition, the stylophore was significantly shorter. There was no correlation between these characters and shell size. Furthermore, love-darts were more frequently present in eastern populations. A comparative histological analysis revealed no significant differences in the cell structure of the mucous glands between the two geographic groups. Moreover, the presence of darts in the eastern populations does not indicate any dysfunction of these structures. Gland size, however, might influence the amount of secretion. Altogether, the results show consistent geographic differences in shell morphology and genital anatomy. The results corroborate the assumption of an altered mode of reproduction (predominantly via selfing) in eastern populations.
INTRODUCTION
Cylindrus obtusus (Draparnaud, 1805) is a member of a monotypic land snail genus belonging to the subfamily Ariantinae, within the family Helicidae (Schileyko, 1991; Groenenberg, Subai & Gittenberger, 2016) . It is the only representative of the Ariantinae with a cylindrical shell and therefore quite exceptional (Kerney, Cameron & Jungbluth, 1983; Schileyko, 1991 Schileyko, , 2006 Cadahía et al., 2013; Groenenberg, Subai & Gittenberger, 2016) . Endemic to the northeastern Calcareous Alps and parts of the eastern Central Alps in Austria, it occupies a range from the easternmost margin of the Alps (Schneeberg) in the east to isolated occurrences (Hohe Tauern) in the southwest (Fig. 1) . In general, C. obtusus is found at elevations from 1,600 to 2,500 m above sea level (Klemm, 1974; Bisenberger et al., 1999; Frank, 2006) and has only exceptionally been found below 1,100 m (Frank, 2006) . The species inhabits alpine meadows and rocky habitats from the subalpine ecotone upwards and is restricted primarily to forestfree sites (Duda et al., 2010) . Its distribution is scattered and, due to the scant fossil record, the origin and history of (re)colonization of the present distributional range after the Würm glaciation are still under discussion (Schileyko, 2012; Cadahía et al., 2013) . Data on the biology and ecology of C. obtusus are scarce (Kühnelt, 1937; Freitag & Desch, 1996; Bisenberger et al. 1999; Kleewein, Baumgartner & Sattmann, 2000) .
Cylindrus obtusus is quite variable in size and, as earlier studies have shown, this variation exhibits a geographic pattern. According to Adensamer (1937) and Edlinger (1999) , eastern specimens are slightly smaller than those collected in western regions. Additionally, there are also geographic differences in genital anatomy. Schileyko (1996) and Schileyko, Baminger & Sattmann (1997) reported that the mucous glands, which are functionally associated with the stylophore, vary in size between different populations. The stylophore is a muscular structure (also called the 'dart sac') in which the calcareous love-dart is produced and stored, which in many pulmonates is involved in mating (Chase, 2006; Lodi & Koene, 2016) . In a population from Gesäuse (Ennstaler Alpen), both mucous glands were of about the same size and approximately twice the length of the stylophore (or even larger), similar to those depicted in Sturany & Wagner (1914) . In contrast, they varied considerably in size in an eastern population from Schneeberg (Schileyko, 1996; Schileyko et al., 1997) , including shapes like those depicted by Martens (1895) . The more detailed examination of Schileyko et al. (2016) revealed that the highly variable glands are restricted to the more eastern populations of the mountains Schneeberg, Schneealpe, Raxalpe and Veitschalpe, whereas symmetrical, long mucous glands were found in several populations in the western part of the species' distribution. This remarkable geographic differentiation was the reason for performing a molecular genetic analysis (Kruckenhauser et al., 2017) to test whether those populations are genetically differentiated and whether C. obtusus displays any phylogeographic pattern. In that study, the analysis of eight microsatellite loci revealed that the eastern populations (up to Veitschalpe) displayed an excess of homozygotes over all loci, while the other populations were in Hardy-Weinberg-equilibrium. Moreover, analysis of a partial sequence of the mitochondrial (mt) cytochrome oxidase c subunit I gene (COI, 650 bp), revealed a clear geographic pattern: the eastern populations belonged to a single haplogroup (East), while the others comprised two additional haplogroups (Central and West). The question remained whether the earlier observations of differences in anatomical variability (Schileyko, 1996; Schileyko et al., 1997 Schileyko et al., , 2016 could be confirmed in a larger sample. Furthermore, a potential concordance between variable anatomical traits and the excess of homozygotes should be investigated. An analogous question concerns the differences in shell size reported by Adensamer (1937) and Edlinger (1999) .
Like the majority of stylommatophorans, in particular helicids, C. obtusus is a simultaneous hermaphrodite (Dillen, Jordaens & Backeljau, 2009) . Nonetheless, details about its reproductive biology and early development are still poorly known. This is because its mode of life is difficult to observe and keeping of C. obtusus in the laboratory is problematic, due to its adaptations to the environmental conditions of high altitudes. Mating as well as breeding experiments have been unsuccessful and only sporadic observations in nature have been reported in the literature (Freitag & Desch, 1996; Bisenberger et al. 1999; Kleewein, Baumgartner & Sattmann, 2000) . Concerning courtship display and copulation, no data are available at all, but they may be similar to these processes in closely related Helicidae. In particular, Arianta arbustorum, a member of the sister genus of Cylindrus (Cadahía et al., 2013; Groenenberg, Subai & Gittenberger, 2016) , shows strong similarities in the genital anatomy-including a pair of tubular mucous glands and a stylophore with a calcareous love-dart-and has been subject of several studies on genital anatomy and function (Sattmann & Nemeschkal, 1993; Locher & Baur, 2000; Bojat, Dürrenberger & Haase, 2001; Baminger & Haase, 2002; Beese & Baur, 2006; Jordaens, Dillen & Backeljau, 2007; Beese et al., 2009) . According to the microsatellite results of Kruckenhauser et al. (2017) , the excess of homozygotes in the eastern populations suggests an altered mode of reproduction with a high rate of inbreeding or even selfing. In this context, the observed anatomical differences imply that there are geographic differences in functionality of parts of the genital tract, because the mucous glands and the love-dart are thought to play a role in courtship, copulation and sperm competition (Gómez, 2001) .
In this study, we examined in more detail the correspondence between genetic groups and geographic patterns with respect to morphological and anatomical characters. We asked whether the geographic variation of the genital tract and morphology described previously is reproducible and statistically significant in an analysis of a large sample covering the entire distributional range of C. obtusus. In order to enable direct comparison with previous results, we included the same specimens already used in the genetic investigation by Kruckenhauser et al. (2017) . Morphometric methods and landmark coordinates were applied to analyse shell characters. In addition, structures of the genital anatomy were measured and investigated histologically. Specifically, we addressed the following questions: (1) Is there a geographic pattern of shell size and shape? (2) Is there a significant correlation between shell size and elevation of the locality? (3) Is there significant geographical variation in genital anatomy? (4) Is there a correspondence between variation in genital anatomy and heterozygosity? (5) How frequently are love-darts present? (6) Finally, concerning the functionality of the mucous glands, we aimed to examine possible differences in the tissues of these glands by histologically analysing individuals from western and eastern populations.
Concerning nomenclature, we note that the genus Cylindrus Fitzinger, 1833 was established with a single species, originally described as Pupa obtusa Draparnaud, 1805. Based on the homonymy between Cylindrus Deshayes, 1824 and Cylindrus Fitzinger, 1833, Dubois & Bour (2010) argued that the name Cylindrus is preoccupied and proposed to use the senior synonym Cochlopupa Jan, 1830 instead. Gittenberger & Bank (2015) applied to ICZN to suppress all usages of the genus-group name Cylindrus before that of Fitzinger, 1833 to comply with both the Principle of Priority and the Principle of Homonymy (ICZN case 3683). This petition was supported by Sattmann & Haring (2016) , Reischütz (2016) , Welter-Schultes (2016) and others. Even though this case is still open, we prefer to use the name Cylindrus instead of Cochlopupa in this paper.
MATERIAL AND METHODS

Specimens and geographic groups
Specimens of Cylindrus obtusus were collected from April to October in the years 2007-2010. A total of 332 individuals were examined (Supplementary Material Table S1 ), which were collected at 30 sampling sites in 16 regions (Supplementary Material  Table S2 ). Figure 1 shows the geographic regions, some of them including several sampling sites. Locations were primarily selected based on the records in the literature (Klemm, 1974) .
In the morphological analysis, we measured the SH of 20 individuals from each locality (except at sampling sites 1, 3 and 4, where less than 20 individuals were available). In total, 317 individuals were measured. From 140 of the 317 specimens, landmarks were taken and used for landmark analysis. Of the 317 specimens, 156 were also included in the concurrent genetic study (Kruckenhauser et al., 2017) (Supplementary Material Table S1 ). In the anatomical analysis, only those individuals that had also been analysed morphometrically and genetically (Kruckenhauser et al., 2017) were included. The anatomical analysis was performed on 40 individuals from the East group (ten individuals from each of the four eastern regions) and on 36 individuals from the two more western groups West and Central (three individuals from each of the western 12 regions). The decision to include only three individuals per population from the groups West and Central (but increasing the number of populations) was made because preliminary analyses revealed that the variability in the genital tract of the western individuals was low (Supplementary Material  Table S1 ). We therefore tried to cover the much larger western area by a broader sampling. The 76 individuals were dissected after measuring of their shells. For the histological investigation, 15 individuals were selected: five from a western region (Gesäuse) and ten from an eastern region (Schneeberg).
All materials were incorporated into the collection of the Natural History Museum of Vienna (see Supplementary Material Table S3 ). The material for the morphometric and genital anatomical analysis was stored in 80% ethanol at 4°C, but the material for the histological analysis was treated differently (see below).
Shell morphology: measurements and landmark analysis
Of the 317 individuals in which only SH was measured, 140 individuals were included in the landmark analysis. Specimens were positioned on glass slides and investigated under a Leica MZ125 (Heerbrugg) stereomicroscope. Digital recordings were generated with a Nikon DS FI1 (Digital Sight, Japan) camera. All TIFF 2560*1920 images were edited in ImageJ v. 1.51d (Fiji) and saved as jpg (Schindelin, Arganda-Carreras & Frise, 2012) . Eleven landmark coordinates were positioned in the program tpsDig2 v. 2.16 (Rohlf, 2005) (Fig. 2) . SH measurements were utilized as a basis for scatterplots, t-tests, correlation analysis, principal component analysis (PCA), analysis of variance (ANOVA; Tukeys test) and multivariate ANOVA (MANOVA). Furthermore, all landmark coordinates were statistically analysed in a PCA and then visualized via deformation grids and a scatterplot. All statistical tests were conducted in the program R v. 3.2.3 (Adams & Otárola-Castillo, 2013; Adams, Otárola-Castillo & Sherratt, 2014; R Core Team, 2015) .
Genital anatomy
For the anatomical analysis, individuals were dissected to separate the mucous glands, the stylophore, the penis and the flagellum from the rest of the soft parts. The structures were then investigated under a reflected light Wild Makroskop (M 420, 1.25×, Heerbrugg) and images were generated using a Nikon DS FI1 (Digital Sight, Japan) camera with 8× magnification (penis at 12.5× and 25×, love-dart at 35× magnification). The 2560*1920. TIFF-images were manipulated in the program Inkscape v. 0.48, where circumferences of both the mucous glands and the stylophore were measured in pixels with the Béziercurves tool together with the 'extensions-visualize path-measure path' tool (Fig. 3) . Since the real length of the mucous glands and the stylophore is difficult to quantify, we chose the length of the circumference of these structures (on the photograph) for further statistical analysis such as scatterplots, correlation analysis, PCA and ANOVA in R v. 3.2.3 (Adams & Otárola-Castillo, 2013; Adams, Otárola-Castillo & Sherratt, 2014; R Core Team, 2015) .
To evaluate the qualitative anatomical characters, after separation from the mucous glands, the stylophore was incubated in 200 μl distilled water with 10 μl proteinase K solution at 56°C for about 2 h. If a love-dart was present, the calcareous structure was then free of tissue and could be transferred to an Eppendorf tube with 200 μl 96% ethanol for storage. Penis and flagellum were detached from the soft parts, photographed and subsequently stored in 80% ethanol. Photographs were used to produce illustrative drawings.
Histological investigation
The histological analysis was performed on 15 individuals, whereby geographic and seasonal differences were considered. We analysed five individuals from Gesäuse and five individuals from Schneeberg all collected in summer, as well as five individuals from Schneeberg collected in autumn. Material for the histological research was incubated for fixation in Bouin's solution (70 parts picrinic acid, 25 parts 40% formalin, 5 parts glacial acetic acid; Piechocki, 1966) at room temperature for 1 week, then washed in 24% ethanol. After 1 week in 24% ethanol, samples were transferred to 70% ethanol and incubated for 1 h. Then, the soft parts (loosened from the calcareous shell) were transferred into fresh 70% ethanol, followed by separation of the mucous glands, together with the stylophore and parts of the vagina, from the rest of the body. After fixation, samples were treated with increasing alcohol concentration (80%, 90%, 2× 96% and 2× 100% ethanol) and stored overnight in an acetone and araldite mixture (1:3). Twelve hours later, the samples were embedded in pure araldite (recipe: 5.35 g araldite resin M, 4.98 g hardener, 0.23 g accelerator, 0.7 g dibutyl phthalate; all chemicals from Merck) in special customized moulds, which were incubated at 60°C for 12 h. After polymerization, 0.99-μm semithin cross sections in the middle of the glandular tubes were produced with a glass knife on a microtome (Reichert Ultracut E). Sections were mounted on glass slides and stained with methylene blue azure II (Richardson, Jarett & Finke, 1960) . Image acquisition was performed on a Leitz transmitted-light microscope (Diaplan, Wetzlar) equipped with a Nikon DS FI1camera (Digital Sight, Japan).
RESULTS
Definition of geographic groups
Initially, we performed tests with the three geographically distinct mt haplogroups (East, Central and West) detected by Kruckenhauser et al. (2017) to determine whether they are differentiated in morphological and/or anatomical traits. The distribution of the three mt haplogroups is indicated in Figure 1 and in Supplementary Material Table S1 .
The ANOVA of SH data of the complete set of specimens including empty shells showed significant differentiation between East vs Central (P < 0.001) and East vs West (P < 0.001), whereas the differentiation between the groups West vs Central was less pronounced (P < 0.05) (Supplementary Material Tables S4 and  S5 ). In an ANOVA performed with the dataset comprising only ethanol-fixed specimens, there was no significant differentiation of the three groups in SH (Supplementary Material Tables S6 and  S7 ). In anatomical traits, groups West and Central were not significantly different (Supplementary Material Tables S6 and S7 ), a result that was confirmed also by a MANOVA. We therefore pooled groups West and Central for the investigations on all character sets and designated this group as 'West/Central' (differentiation of groups West/Central vs East is highly significant as described below). Group West/Central comprises all populations west of the Veitschalpe. Group East includes the populations from Schneeberg, Raxalpe, Schneealpe and Veitschalpe, which showed an excess of homozygotes (Kruckenhauser et al., 2017) . This division corresponds to that between the 'eastern and western populations' of Schileyko (Schileyko et al., 1997 (Schileyko et al., , 2016 .
Shell morphometry
Overall, SH ranged from 10.09 to 14.41 mm with a mean of 12.46 mm, which is very close to the median (12.42 mm). The standard deviation (SD) of SH was 0.75 mm. The mean SH in group East differed significantly from that of group West/Central (t = -5.95, P < 0.001). In group East, the mean SH was smaller (12.05 ± SD 0.66 mm) than in group West/Central (12.60 ± 0.73 mm). The variances of the two groups are comparable, because in an F-test, the F-value (0.832) was not significant (P > 0.05). The geographic variation in SH is illustrated in a boxplot (Supplementary Material Fig. S1 ). The geographic difference in SH seems to be connected with the number of whorls. Snails from group West/Central have on average more whorls than group East (P < 0.01). Thus, only two of the 11 individuals with the highest number of whorls (8) stem from group East. The difference in size between the two geographic groups is also significant (P < 0.01) when only specimens with seven whorls (most individuals) are included. This finding indicates that size differences are due to different heights of whorls. Even though the two geographic groups differed significantly in SH, it is legitimate to ask whether this finding reflects different altitudes of sampling localities. The altitudinal distribution of SH is illustrated in Figure 4A . To assess a possible effect of altitude on SH, we conducted a correlation analysis, which indicated that variability in SH does not correlate with altitude of sampling localities (r = 0.09, P < 0.01).
Comparing the averaged landmark coordinates of populations of groups East and West/Central (140 individuals from 16 sampling sites) revealed a slight difference in SH between the two groups ( Fig. 4B ), but no difference in shape.
In a PCA performed with landmark coordinates, the first principal component (PC1) explained 58.4% of the variation (details in Supplementary Material Table S8 ). The x-position of landmark 1 of PC1, which corresponds to the apex and thus to SH, proved to be the most variable one. The scatterplot illustrates that no geographic pattern was revealed by the PCA. Localities of both eastern and western populations are randomly distributed in the plot (Supplementary Material Fig. S2 ).
Genital anatomy and histology
The genital tract of Cylindrus obtusus was investigated in 76 individuals (Supplementary Material Table S1 ). Geographic differences were observed in the circumferences of mucous glands and stylophores. Figure 5A illustrates that the mucous glands are generally smaller in group East than in group West/Central and that there is almost no overlap between eastern (0.41-5.96 mm) and western (5.19-9.59 mm) populations. Concerning the stylophore, the circumferences in West/Central populations were significantly (up to 0.31 mm) longer than in group East, although there was a big overlap between the two groups (range East: 1.49-2.69 mm; West: 1.61-3.00 mm) (Fig. 5B) . The SD in populations of group East (0.20 mm) was lower than in group West/Central (0.27 mm), yet this difference was not significant in the F-test.
A PCA was performed with the circumferences of the mucous glands and the stylophores, yielding a clear differentiation of the two geographic groups (East vs West/Central) without overlap. The eigenvalues of the PCA decreased by the grade of the PC. PC1 was mainly influenced by the mucous glands and somewhat less by the stylophore, and explained 62.8% of the variability. PC2 explained 22.3% of the variability and was mainly influenced by SH. PC3 explained 12.5% of the variability and was mainly influenced by the stylophore (Supplementary Material Fig. S3 ).
Concerning differences between right and left mucous glands, the t-test revealed that the left glands were significantly longer than the right ones (t = 2.72, P < 0.01), but this was valid only for the whole sample. Within group West/Central, there were no significant differences (t = 1.67, P = 0.1) and in group East they were of low significance (t = 2.28, P < 0.05) (Fig. 5A) .
A correlation matrix was calculated without considering the geographic differentiation and also including the data on SH. No significant correlation was found between SH and circumferences of both mucous glands or stylophore circumference. The correlation was strong between the two mucous glands, but weak between mucous glands and the stylophore (Supplementary Material Table S9 ).
The results of the ANOVA of all measured traits are shown in Supplementary Material Table S10. Significant geographic differences (East vs West/Central) were found in the outlines of the mucous glands and the stylophore (P < 0.001) as well as in SH (P < 0.05).
The lanceolate love-dart of C. obtusus (Supplementary Material Fig. S4 ) lies inside the stylophore, with its tip pointing towards the stylophore opening. It was present in most individuals analysed (64 of 74 individuals), but it was significantly (χ 2 = 7.17, P < 0.01) more frequent in eastern populations. Of 39 individuals from group East only one lacked a love-dart (2.6%), whereas it was absent in nine out of 35 individuals of group West/Central (25.7%) (Supplementary Material Table S1 ).
The shape and structure of the penial papilla and the flagellum of C. obtusus varied greatly, especially in the number of folds. Only four individuals exhibited a spherical papilla with a smooth, almost unfolded surface resembling the illustration by Schileyko (2006) (Supplementary Material Fig. S5 ). Most of the other individuals (n = 58), however, displayed a different shape with more wrinkles. Nevertheless, these differences do not correspond with the geographic differences found in the mucous glands. The stylophore and the basic structure of the penial papilla with a V-shaped groove is more or less the same. The variation in flagellum shape and structure could not be quantified.
Semithin sections of the tubular mucous glands were typically similar in samples from eastern (Schneeberg) and western (Gesäuse) localities. They displayed an outer layer of muscle cells, with an underlying basal lamina and a single layer of glandular cells surrounding the lumen (Supplementary Material Fig. S6 ). The lumen of the tube was filled with a secretion that partially contained granules. Cells of the glandular layer had a large nucleus and a secretory vesicle (Supplementary Material Fig. S7 ). Altogether, no peculiarities suggesting any dysfunctionality were detected.
DISCUSSION
The key question addressed in the present study was whether there is a geographic pattern in the morphological and anatomical features of Cylindrus obtusus. The results, based on our comprehensive sampling, show that this is the case for several traits. Concerning size, we found SH of eastern populations to be significantly smaller than in western populations, a finding that cannot be explained by altitudinal effects. This result corroborates the reports of Adensamer (1937) and Edlinger (1999) . Interestingly, SH was the only character analysed in the present study that showed an (albeit weak) correlation with the three mt haplogroups detected by Kruckenhauser et al. (2017) . Any other geographic variation corresponded, if at all, with the groups East vs West/ Central (see below). Besides significant differences in SH, mucous glands and stylophore, no differentiation in other characters was observed, such as shell shape, the shape and structure of the penial papilla and flagellum, or the histology of the mucous glands. Concerning the latter, however, the present results are preliminary and the functionality of the morphologically aberrant mucous glands requires further investigation.
The analyses of genital characters revealed a clear differentiation of the eastern populations. Thus, the observations of Schileyko (1996) and Schileyko et al. (1997 Schileyko et al. ( , 2016 are corroborated with strong statistical support: the mucous glands are (1) generally smaller in group East, (2) the right mucous glands are generally shorter, specifically in the East and (3) the mucous glands vary considerably in size in group East individuals. Furthermore, a significant geographic difference in stylophore length was observed, with significantly longer stylophores in group West/Central. Such strong variation is unusual in Ariantinae within and even between related species, as shown for example by Sattmann & Nemeschkal (1993) . Nonethelesss, it is likely that colonization history, drift, founder effect or bottlenecks led to these geographic differences. Most importantly, the results agree with the assumption of an altered functionality of mucous glands and stylophore, because both organs clearly play an important role in mating and sexual reproduction of helicids (Lind, 1973; Koene & Chase, 1998) . Love-darts, which are (occasionally) injected into the partner during courtship, are considered by some authors to act as stimulants (cf. Kothbauer, 1988; Gómez, 2001) . More recent studies showed that they inject secretions from mucous glands, which enhance the survival of allosperms (Koene & Chase, 1998; Chase & Blanchard, 2006; Chase, 2006; Lodi & Koene, 2016) . Size reduction of these organs may also indicate a loss of functionality (Jarne & Charlesworth, 1993) . Comparing the geographical differentiation in anatomical and morphological characters with the results of Kruckenhauser et al. (2017) , the most interesting fact is that the group East individuals, besides their anatomical peculiarities, are also highly conspicuous with respect to genetic variation: the microsatellite analysis revealed that these populations displayed an excess of homozygotes (Kruckenhauser et al., 2017) , while the other populations (i.e. group West/Central) were in Hardy-Weinberg-equilibrium. Thus, there might be a connection between high homozygosity and aberrant anatomy of male genitalia. Explanations for high homozygosity are either a high frequency of inbreeding or frequent self-fertilization (Minoretti et al., 2011) . Kruckenhauser et al. (2017) hypothesized that in the eastern populations C. obtusus reproduces largely via self-fertilization. One interpretation of the unusual variation and reduction of mucous glands and dart sacs is that the function of both is probably obsolete in selfing populations. Accordingly, these significant reductions in the eastern group agree well with the hypothesized dominance of selfing in these populations (Kruckenhauser et al., 2017) . Likewise, the higher frequency of love-darts in individuals from eastern localities could be interpreted in accordance with this assumption, i.e. individuals that predominantly reproduce via selfing do not use their love-darts.
Unfortunately, reports from other mollusc taxa do not provide conclusive data concerning factors that induce the change from cross-fertilization to selfing (e.g. Selander & Hudson, 1976; Jordaens et al., 2000; Reise et al., 2001) . Distinguishing this presumed altered mode of reproduction from the alternative explanation (i.e. high inbreeding) would require fine-scale population screening. Nonetheless, even if a causal connection between aberrant genital anatomy and excess of homozygotes in eastern populations can be found, the question remains whether the anatomical changes are the cause or consequence of an altered mode of reproduction.
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